The genetic mechanisms underlying hybridization are poorly understood despite their potentially important roles in speciation processes, adaptative evolution, and agronomical innovation. In this study, transcription profiles were compared among three populations of brook charr and their hybrids using microarrays to assess the influence of hybrid origin on modes of transcription regulation inheritance and on the mechanisms underlying growth. We found that twice as many transcripts were differently expressed between the domestic population and the two wild populations (Rupert and Laval) than between wild ones, despite their deeper genetic distance. This could reflect the consequence of artificial selection during domestication. We detected that hybrids exhibited strikingly different patterns of mode of transcription regulation, being mostly additive (94%) for domestic 3 Rupert, and nonadditive for Laval 3 domestic (45.7%) and Rupert 3 Laval hybrids (37.5%). Both heterosis and outbreeding depression for growth were observed among the crosses. Our results indicated that prevalence of dominance in transcription regulation seems related to growth heterosis, while prevalence of transgressive transcription regulation may be more related to outbreeding depression. Our study clearly shows, for the first time in vertebrates, that the consequences of hybridization on both the transcriptome level and the phenotype are highly dependent on the specific genetic architectures of crossed populations and therefore hardly predictable.
L ONG viewed as a dead end in animals, hybridization is increasingly considered as potentially positive from an evolutionary perspective (Barton 2001; Burke and Arnold 2001; Rieseberg et al. 2003; Tallmon et al. 2004; Nolte et al. 2006; Baak and Rieseberg 2007) . Hybridization is also of interest for plant and animal production, because it may generate desirable phenotypic novelty through heterosis, in which the offspring have a more advantageous phenotype than their parents. However, hybridization can also lead to outbreeding depression, by which the offspring express a disadvantageous phenotype relative to their parents. Such hybrid phenotypic traits, expressed outside the range normally observed in the parental lines, are also referred to as transgressive phenotypes.
Numerous genetically based mechanisms have been invoked to explain transgressive phenotypes, including epistasis, overdominance, and additive allelic interactions (reviewed by Rieseberg et al. 1999) . It has also been hypothesized that the crossing of inbred lines characterized by distinct gene expression levels could lead to advantageous transgressive phenotypic (Birchler et al. 2003; Cui et al. 2006; Stupar and Springer 2006; Swanson-Wagner et al. 2006; Stupar et al. 2008) . One approach used to study the genetics of phenotypic traits is to measure transcript expression in the hybrids relative to their parents, but such studies have been in the past limited to mouse and Drosophila sp. (Reiland and Norr 2002; Michalak and Noor 2003; Gibson et al. 2004; Ranz et al. 2004; Cui et al. 2006; Hughes et al. 2006; Rottscheidt and Harr 2007) . Other studies have also focused on elucidating the genomic basis of heterosis of mollusc production (Hedgecock et al. 2007 ) and plant production (Auger et al. 2005; Swanson-Wagner et al. 2006; Lippman and Zamir 2007; Ge et al. 2008; Stupar et al. 2008) . Comparative studies of genome-wide transcriptomes of parental and hybrid crosses also revealed that hybrids tended to express numerous genes at a level outside the range observed in their parental lines Ranz et al. 2004; Auger et al. 2005; Cui et al. 2006; Hughes et al. 2006; Stupar and Springer 2006; Swanson-Wagner et al. 2006; Hedgecock et al. 2007; Rottscheidt and Harr 2007; Ge et al. 2008; Roberge et al. 2008; Stupar et al. 2008; Normandeau et al. 2009; Renaut et al. 2009 ). Thus, divergent lineages can accumulate divergences in gene regulation networks through time and these divergences often result in misexpressed genes (reviewed by Landry et al. 2007) , which could affect the viability or fitness of individuals. In hybrids from subspecies of Mus, an overabundance of misexpressed transcripts was found in the testis relative to other tissues, including brain and liver (Rottscheidt and Harr 2007) . In addition to this variation across tissues, the proportions of additive vs. nonadditive expression inheritance may vary between hybrids from different populations within species (Rottscheidt and Harr 2007; Stupar et al. 2008) , sometimes in a contradictory manner. For example, in Drosophila, Gibson et al. (2004) found a prevalence of nonadditivity, whereas Hughes et al. (2006) found the opposite. These varying results seemed to depend on both methodological and genetic factors. Thus, the prevalence of nonadditivity could be linked with the X chromosome, as a bias was observed between males and females and very few additive genes were X linked . Furthermore, these differences could also be linked to the highly homozygous lines used by Hughes et al. (2006) , a situation which tends to increase the additive portion of expression inheritance observed. These two studies also differed in the methods used for the analysis; they used different criteria to calculate the dominance effects and different a level in their statistical analysis. However, Hughes et al. (2006) suggested that the differences between these two studies likely lie in genetic architecture divergence among the lines being crossed.
Genetic architecture is defined as the sum of the interacting genetic dimensions that lead to a given phenotype (Hansen 2006; Lynch 2007) and has been shown to vary in a population-specific manner (Lavagnino et al. 2008) . As a result, it is especially difficult to predict the phenotype of hybrids. To date, very few studies have investigated the influence of population-specific genetic architecture on gene transcription regulation among populations of a same species. To our knowledge, only one study in maize (Stupar et al. 2008) examined hybrids between more than two crosses. These authors aimed to evaluate whether there was a link between heterosis at phenotypic traits and the genetic distance of the parental strains crossed, as well as the observed patterns of transcription regulation inheritance. However, they did not find any solid link between these parameters.
Brook charr (Salvelinus fontinalis) is an economically important salmonid native to eastern North America; in Québec, it represents 50% of all freshwater aquaculture production. Using microarrays, the general objective of this study was to document the differences between pure brook charr populations in terms of gene expression and their modes of transcription regulation inheritance in the F1 hybrids. Thus, F1 hybrid crosses descending from three genetically distinct populations were performed in order to investigate the phenotypic and genomic responses of these F1 hybrids relative to their parental populations. Our results show that the three parental populations and their hybrids differ strikingly in their overall patterns of gene expression. Namely, the number of significant transcripts and impacted biological functions vary in the three possible comparisons among pure and hybrid crosses. Moreover, the mode of transcription regulation (additivity or nonadditivity) in hybrids was dependent on which parental population it was compared to. We interpreted these patterns of genome-wide transcription in terms of their possible link to the contrasting size phenotypes observed in the same hybrid crosses.
MATERIALS AND METHODS
Fish crosses: Juvenile brook charr (yolk sac resorption stage) were produced using breeders from three genetically distinct populations: a domestic (D) population, in use for aquaculture in Québec, Canada, for more than a hundred years, as well as the Laval (L) and Rupert (R) populations. The L population is derived from an anadromous population originating from the Laval River near Forestville (north of the St. Lawrence River, Québec) (Castric and Bernatchez 2003) , whereas the R population originates from a freshwater wild population of the Rupert River, which drains into James Bay in northwestern Quebec (Fraser et al. 2005) . On the basis of estimates of Shriver et al. (1995) using microsatellite data, these three populations were highly differentiated; L and R populations were separated by 13.3 Dsw (genetic distance), with the D population being about equally genetically distant (about 6.7 Dsw) from the two others (Martin et al. 1997) .
Breeders from the L population were kept in captivity for three generations at the Institut des Sciences de la Mer à Rimouski (Québec) and at the Laboratoire de Recherche des Sciences Aquatiques (Laboratoire de Recherche des Sciences Aquatiques, LARSA, Laval University, Québec) for the R population. Breeders from the D population were obtained from the Pisciculture de la Jacques Cartier (Cap-Santé, Québec). In 2005, 10 sires of each population (L, R, or D) were crossed with 10 dams (L, R, or D) to generate 10 full-sib outbreed families per pure and hybrid crosses. Three pure and three hybrid crosses were generated (RL, LD, DR, L, D, and R). For the hybrid crosses, the first letter corresponds to the mother's origin. All families were kept separately at the LARSA under identical controlled conditions. Fertilized eggs were incubated at 6°. After hatching, the progeny were kept at 8°, with a photoperiod of 12 hours of light and 12 hours of darkness.
Microarray experiment: Sampling: One sexually undifferentiated juvenile was randomly sampled for eight families in each of the crosses and immediately frozen in a mix of dry ice and alcohol. Experiments were conducted on whole, unpooled individuals.
RNA extraction, labeling, and cDNA hybridization: Total RNA was extracted with the PureLink Micro-to-Midi total RNA purification system kit and then treated using DNase I, amplification grade (1 unit/ml) (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Total RNA was further purified by ultracentrifugation using microcon (Millipore) spin columns. RNA quality and integrity was controlled with an Experion automated electrophoresis station and RNA HighSens chips (Bio-Rad, Hercules, CA). For each sample, 12 mg total RNA was retrotranscribed and the cDNA samples labeled using Genisphere 3DNA Array 50 kit, Invitrogen's Superscript II retrotranscriptase, and cyanine 3 and Alexa 647 fluorescent dyes (Genisphere), following the procedures at http:/ /web.uvic.ca/cbr/grasp/ (Genisphere Array 50 Protocol).
The transcription profiles were measured using cDNA microarrays produced by the consortium for Genomic Research on All Salmon Project (cGRASP, http:/ /web.uvic.ca/ grasp/, Rise et al. 2004) . The chip contains 16,006 salmonid cDNAs of Atlantic salmon and rainbow trout (von Schalburg et al. 2005) and was successfully tested and applied to other salmonids species, including brook charr (Rise et al. 2004; von Schalburg et al. 2005; Koop et al. 2008; Mavarez et al. 2009; Sauvage et al. 2010) . Sequence differences between samples are not likely to result in spurious differential expression since the divergence between the studied populations are similar among themselves relative to Atlantic salmon and much less important than is found among salmonid species, which showed similar hybridization performances for this chip (von Schalburg et al. 2005; Koop et al. 2008) .
A total of 48 microarrays were analyzed. Each individual was technically replicated on two bicolored distinct microarrays and dye swapped. A loop design (Figure 1 ) was used to include pairwise direct comparisons between a hybrid and its parental population and indirect comparisons between pure crosses. This design allowed the comparison of all the groups with a similar statistical power while minimizing the use of individuals and microarrays.
Data acquisition, preparation, statistical analysis, and functional classification of genes: Microarrays were scanned using a ScanArray scanner (Packard BioScience). Spots were localized and quantified with the QuantArray 3.0 software, using the histogram quantification method. Local background and the data from bad spots were removed. Spots with signal intensities smaller than the mean intensity of empty spots plus twice their standard deviations were removed from the analysis, leaving a total of 3263 analyzed spots. After a log 2 transformation, the data were normalized with the lowess method (regional lowess procedure) implemented in the R/MAANOVA package (Kerr et al. 2000) to remove signal intensity-dependant dye effects on each slide (regional lowess procedure). Normalized data for each slide/dye combination were median centered to allow comparable expression values within and between slides without global patterns of expression showing any individual or population biases (Swanson-Wagner et al. 2006) .
To detect differences between crosses, data were analyzed using a mixed-model ANOVA (Wolfinger et al. 2001 ) and the R/MAANOVA package (Kerr et al. 2000; Kerr et al. 2002) . We tested the presence of cross-type effects with the following ANOVA model,
with A, array; D, dye; C, cross type; G, gene; S, sample (two replicates per samples); and terms in parentheses are interaction terms. This model included ''array'' and ''sample'' as random terms and ''dye'' and ''cross type'' as fixed terms.
We tested the null hypothesis that the residuals for each gene were normally distributed using the Kolmogorov test from the R Nortest package. We also evaluated departure from homoscedasticity of gene-specific variance using the FlignerKilleen test, as implemented in R. A permutation-based F-test (Fs, with 1000 sample ID permutations) was then performed, and restricted maximum likelihood was used to solve the mixed-model equations (Cui et al. 2005) . A false discovery rate correction (FDR ¼ 0.05) was applied using the R/MAANOVA package, to generate a first list of transcripts with significant differential expression between crosses. Further contrast tests were conducted on this list with 1000 permutations for the 12 possible comparisons among the six crosses. A FDR of 0.05 was also applied for each contrast test.
All differentially expressed transcripts between parental crosses were examined to assess their mode of transcription regulation in the hybrid crosses. Each transcript was classified as additive if the contrast P value did not allow rejecting the null hypothesis of no statistical difference in expression between hybrid and the average value of its parental populations. Transcripts were classified as nonadditive if the contrast P value indicated that the hybrid was expressing the transcript at a significantly different level than the average of the parental populations (FDR ¼ 0.05). Among nonadditive transcripts, dominant transcripts were defined as transcripts for which the contrast P value with one of the parental populations was nonsignificant. Transcripts were defined as maternal dominant if the mother/hybrid crosses contrast was nonsignificant and paternal dominant if the father/hybrid crosses contrast was nonsignificant (FDR , 0.05). Nonadditive transcripts were defined as underdominant (UD) if their expression was significantly lower than both parental populations and as overdominant (OD) if their expression was significantly higher than both parental populations (contrast P value , 0.05). For transcripts that were not differentially expressed between parental populations, all nonadditive transcripts were classified as UD or OD in the same way. The OD and UD transcripts were also defined as transgressive. A chi-square test (exact binomial with 1 d.f.) was applied to determine whether the modes of transcription regulation differed among the crosses, using the R software package.
Functional classification and assessment of significant differential representation of functional classes were performed in the DAVID and PANTHER environments. DAVID 2.1 gene accession conversion tool was first used to convert gene ontology-linked identifications from the salmonid microarrays to UNIGEN clusters. Assessment of significant differential representation of functional categories was performed using PANTHER (significance threshold: P ¼ 0.05). The overrepresentation of a given function corresponds to a significant differentially overrepresented function among the ones represented by all significantly expressed transcripts (3263). Gene ontology annotation was possible for 45% of the significant cDNA clones and 49% of all clones on the cGRASP microarray.
Body size measurement: Twenty juveniles per family (10 families for RR, RL, LL, LD, and DD crosses, and 9 families for DR cross) were sampled and their fork lengths measured. Normality and homoscedasticity of data were tested respectively with the Kolmogorov-Smirnov and the Brown and Forsythe tests (Quinn and Keough 2005) . To detect cross effects, data were analyzed with the following ANOVA mixed model implemented in ASReml version 2 (VSN International, UK),
with C (cross type) as the fixed effect and F (family) nested within C as the random effect followed by a posteriori analysis when significant. If a cross effect was confirmed, the differences between parental populations and their hybrid crosses were tested to detect the presence of heterosis or outbreeding depression with the one-way ANOVA model (Y ijk ¼ m 1 C i 1 e ijk with C as the fixed effect) using Statistica version 6.0 (StatSoft, Tulsa, OK, USA). The mean differences were tested with Tukey tests or Games and Howell tests for nonhomoscedastic data, using SPSS version 13.0. The intensity of heterosis or outbreeding depression is expressed in percentage as [(f1m -1 ) À 1] 3 100 for heterosis and as [1 À (f1m -1 )] 3 100 for outbreeding depression (Shikano and Taniguchi 2002) , where f1 and m represent the mean hybrid value and the mean pure-population value, respectively. Size data per family are presented in supporting information, File S1.
RESULTS

Overall sample differences:
Results from the Kolmogorov test revealed that 4.68% (153 of 3263) transcripts showed departure of normality at a ¼ 0.05. However, the permutation-based ANOVA makes no assumption about normality, and although normality is assumed in the procedure used for assessing genetic parameters, restricted maximum-likelihood estimators, such as the one we used for the Fs statistic, are robust to deviations from the assumption of normality (Kruuk 2004; Cui et al. 2005) . Results from the Fligner-Killeen test revealed that only 4.1% (135 out of 3263) transcripts showed departure from homogeneity of gene-specific variance at a¼0.05, which should not significantly affect our main conclusions.
A total of 863 of 3263 (26.4%) analyzed transcripts showed significant differential expression in at least one of the six crosses (P , 0.015, FDR , 0.05). Among the 863 significant transcripts, 129 (15%) were labeled ''unknown'' because they did not generate any significant BLAST hits (von Schalburg et al. 2005 . A total of 151 functional categories were represented by the 3263 significantly expressed transcripts. However, only those that were identified as significantly overrepresented in parental populations and their hybrid comparisons by the Panther analysis are presented ( Figure 2 ) and interpreted, whereas details about the genes representing other functional groups are presented in supporting tables.
Comparing the parental populations: The three parental populations differed substantially in terms of the number of differentially expressed genes as well as transcribed functional categories. Between the R and L populations, 104 transcripts representing 72 different genes (23 unknown) were differentially expressed (Table S1 ). In contrast, 265 transcripts representing 178 different genes (Table S2 ) including 43 unknown were differentially expressed between R and D populations, and 276 transcripts representing 191 different genes (Table S3 ) with 45 unknown between L and D populations. These differences were all significant (chisquare test, exact binomial with
Gene ontology analysis identified nine functional categories that were overrepresented among parental populations (Figure 2A ). Between the R and D populations, three functional categories (cell adhesion, pyrimidin metabolism, and rRNA metabolism), were overrepresented. Pyrimidin metabolism and rRNA metabolism genes were overtranscribed in the D relative to the R population. Genes falling in the cell adhesion category were either undertranscribed or overtranscribed in the D relative to the R population (Table  S2) . Between L and D populations, five functional categories (calcium metabolism, cell motility, chromosome segregation, lipid and fatty acid metabolism, and signal transduction) were overrepresented. The genes playing a role in the calcium metabolism and the chromosome segregation categories were undertranscribed in the L relative to the D population. Genes related to the cell motility, lipid and fatty acid metabolism, and signal transduction categories were either undertranscribed or overtranscribed in the L relative to the D population (Table S3 ). Finally, two functional categories (carbohydrate metabolism and pyrimidin metabolism) were overrepresented among the genes differently expressed between the L and R populations. Pyrimidin metabolism genes were undertranscribed in the R relative to the L populations. Inversely, genes related to the carbohydrate metabolism category were overtranscribed in the R relative to the L population (Table S1 ). Only one category, pyrimidin metabolism, was overrepresented in two parental population comparisons. Gene ontology annotation was possible for only 28 of 72 significant genes between R and L, 62 of the 178 significant genes between D and R, and 83 out of 191 genes between L and D populations, respectively.
Comparing hybrid and parental crosses: The differences observed between the three hybrid crosses and their parental populations varied considerably depending on which of the three hybrids was compared to its parental populations. For the DR hybrids, the number of transcripts differentially expressed between the hybrids and their parental populations was smaller than between the latter ones; 130 (89 genes) and 155 (113 genes) transcripts were differentially expressed between DR vs. D and DR vs. R, respectively, compared to 265 differentially expressed transcripts (178 genes) between the parental populations. In contrast, the LD hybrids showed twice as many differently expressed transcripts when compared to their D parental population than when compared to L; 177 transcripts (125 genes) were differentially expressed between LD vs. L, compared to 455 (302 genes) between LD and D. The RL hybrids presented a third distinct pattern of transcription profile, whereby the number of significant differences in transcript expression between hybrids and either parents was higher than in the parental populations comparison. Thus, 350 and 294 transcripts were differentially expressed between RL vs. L and RL vs. R, representing 231 and 195 different genes, respectively, compared to 104 differentially expressed transcripts (72 genes) between parental populations. Gene ontology analysis identified 16 different functional categories that were overrepresented in comparisons between hybrid and parental populations (Figure 2 , B, C, and D). Between DR and D, one functional category, calcium-mediated signaling, was overrepresented whereas between DR and R, only the ion transport category was overrepresented ( Figure 2B ). Moreover, no category was overrepresented in both of the hybrids vs. parental and the parental population comparisons. Gene ontology annotation was possible for 44 out of 89 genes for DR vs. D and 46 out of 113 genes for DR vs. R. Two functional categories, nuclear transport and sulfur metabolism, were overrepresented when LD was compared to L and three (calcium-mediated metabolism, lipid and fatty acid metabolism, and pre-mRNA processing) when LD was compared to D ( Figure 2C ). Two functional categories were overrepresented in both hybrids vs. parental and parental population comparisons: calcium mediated metabolism and lipid and fatty acid metabolism. Gene ontology annotation was possible for 64 out of 125 genes for LD vs. L and 141 out of 302 genes for LD vs. D. Ten functional categories (calcium-mediated signaling, cell proliferation and differentiation, chromosome segregation, intracellular signaling cascade, ligand-mediated signaling, mRNA end-processing and stability, neurotransmitter release, pyrimidin metabolism, signal transduction, and intracellular transport) were overrepresented between RL and L crosses ( Figure 2D ). Seven functional categories (calcium-mediated signaling, cell motility, cell proliferation and differentiation, chromosome segregation, neurotransmitter release, signal transduction, and intracellular transport) were overrepresented when RL hybrid was compared to the R population ( Figure 2D ). Only one category, pyrimidin metabolism, was overrepresented in both hybrid vs. parental and parental population comparisons. Gene ontology annotation was possible for 108 of 231 genes for RL vs. L and 91 of 195 genes for RL vs. R. Additivity vs. nonadditivity: Differentially expressed transcripts between parental populations: The majority of transcripts differently expressed between the parental populations exhibited an additive mode of transcription regulation but the proportion of additivity differed among crosses: 94% of transcripts in DR, compared to 54.3% in LD and 62.5% in RL hybrids ( Table 1 ). The proportion of additivity in the DR cross was statistically different from RL and LD crosses (chi-square test, exact binomial with 1 d.f.: DR vs. LD P , 2.2 E-16, DR vs. RL P , 2.2 E-16). Maternal influence was also important in LD hybrids since 88% of the transcripts with a dominant mode of transcription regulation presented maternal dominance, compared with 55 and 25% for RL and DR hybrids, respectively. Very few transcripts were over-or underdominant (Table 1) .
Nondifferentially expressed transcripts between parental populations: All transcripts that were differentially expressed in hybrids, but did not show significant differential expression between parental populations, were included in this analysis. The number of transcripts showing either OD or UD modes of transcription was variable among crosses with the highest number for RL hybrids (Table 1 ). The numbers of OD vs. UD transcripts were only significantly different in the RL hybrid (P , 0.05, chi-square test, exact binomial with 1 d.f.). The fold change of expression for the transcripts showing OD in LD hybrids was significantly different from DR and RL hybrids crosses (LD: 1.68, DR: 1.19, RL: 1.31, t-test, P , 0.05), whereas the fold change of the transcripts showing UD was not significantly different between the three hybrids crosses (LD: 0.81, DR: 0.81, RL: 0.79). The list of misexpressed transcripts and their functional categories are available in supporting Table S4 .
Cross-specific modes of transcription regulation: A total of 116 transcripts (62 genes) involved in various biological functions showed varying modes of transcription regulation (additivity vs. nonadditivity) among the different hybrid crosses. For example, the Heat shock protein HSP 90-beta gene had an additive mode of transcription regulation in DR whereas it presented a nonadditive mode of transcription regulation in the LD hybrid. The Apolipoprotein B-100 precursor gene had a nonadditive mode of transcription regulation in DR and RL hybrids but an additive one in the LD hybrid. The CD63 antigen gene also showed different modes of transcription regulation: additive in DR and nonadditive in RL hybrids. Only the genes for which gene ontology annotation could be found are presented in Table 2 , while the rest of the list is presented in Table S5 . When genes were represented by several clones, all the repeated clones within a given hybrid cross displayed the same inheritance pattern, except for the three following genes: H-2 class II histocompatibility antigen gamma chain, ADP/ATP translocase 2, and Tubulin alpha chain (Table  S5) .
Body size differences among crosses: Fork lengths at the yolk-sac resorption stage were statistically different between the three parental populations (Tukey tests, all P , 0.05). The D population was the smallest with 22.3 6 0.9 mm of length. The L population was the longest (25.7 6 1.0 mm) whereas the length of the R population was of 23.9 6 1.4 mm. The DR hybrids, with a fork length of 23.1 6 1.2 mm, displayed intermediate size (additivity) compared to the average of the juvenile from their parental populations ( Figure 3A ). Heterosis was observed in the LD hybrids, where hybrids were 19.6% longer (28.7 6 1.7 mm) than the average of the juveniles from their parental populations (Tukey tests, P , 0.05) ( Figure 3B ). In contrast, RL hybrids showed outbreeding depression, whereby the hybrids were 9.2% shorter (22.5 6 1.4 mm) than the average of the juveniles from their parental populations (Tukey tests, P , 0.05) ( Figure 3C ).
DISCUSSION
Differentiation among the parental populations: On the basis of microsatellite markers, the three parental populations were previously found to be highly genetically distinct from one another with the domestic population being genetically intermediate to the L and R populations (Martin et al. 1997) . However, genetic information obtained from microsatellites is more likely to reflect the outcome of differentiation resulting from neutral processes. Contrary to Martin et al. (1997) , our results reveal that, from a transcriptome standpoint, the D population is the most differentiated, with the R and L populations being more similar to each other. Previous studies have suggested that much of the variation in transcription profiles among populations or species resulted from neutral divergence, while others considered that this is more likely the result of selection (reviewed by Rodríguez-Trelles et al. 2005) . Whitehead and Crawford (2006) also showed that only variation exceeding the phylogenetic variance may be considered as resulting from selection. Our results, combined with those of Martin et al. (1997) , show that transcription profiles and neutral patterns of divergence among the three parental populations of brook charr are distinct. This has also been reported in other studies on fish, including salmonids (Oleksiak et al. 2002; Giger et al. 2006) . Although further investigation will be necessary to test this hypothesis, the more pronounced transcriptional distinctness observed in the D population could be a direct consequence of artificial selection or of inbreeding depression caused by the domestication process. Although we cannot strictly rule it out, the hypothesis of inbreeding depression may be less compelling than the artificial selection hypothesis, since the inbreeding coefficient has been found to be smaller for the D (F ¼ 0.18) relative to the Rupert and Laval populations (mean F ¼ 0.35) (Martin et al. 1997) . Previous studies in Atlantic salmon and brook charr demonstrated that only four to seven generations of domestication could lead to significant changes in transcription profiles (Roberge et al. 2006; Sauvage et al. 2010) . Since the domestic (D) population used in this study has undergone at least 15 generations of domestication, it is plausible that some of the differentiation has been generated by directional selection for traits of commercial interest (i.e., growth, disease resistance, or swimming resistance). For instance, the growth factor gene (CTGF) and genes involved in lipid Only genes for which gene ontology annotation could be found are presented here. Genes without gene ontology annotation can be found in Table S5 .
No. clones, number of clones; DR, Domestic 3 Rupert hybrids; LD, Laval 3 Domestic hybrids; RL, Rupert 3 Laval hybrids; N-A, nonadditive mode; A, additive mode; *, transcripts did not show significant difference between their parental strains. Abbreviation for the functional categories: C.M., cell motility, I.P.T., intracellular protein traffic, L.F.A., Lipid and fatty acid. The functional category is defined for unique gene in Panther online classification system (http:/ /www.pantherdb.org).
metabolism were significantly overtranscribed in the D population. Namely, the D population showed 34 and 30% overtranscription of the CTGF gene, 27 and 19% overtranscription of the apolipoprotein B-100 precursor gene, and 55 and 67% overtranscription of the apolipoprotein A-I precursor gene against L and R populations, respectively (Table S2 and Table S3 ). Similar results were obtained by Roberge et al. (2006) , who observed 23% of overtranscription for GH gene and 89% of overtranscription for apolipoprotein A-I-1 precursor gene in farmed salmon. Interestingly, when comparing their results on domestication effects in brook charr to those on Atlantic salmon, Sauvage et al. (2010) also observed that genes with similar biological functions were found to be under selection in both studies. Finally, the D population is known for its disease susceptibility, for example to furuncunlosis (Cipriano et al. 2002) . This susceptibility could be partially linked to the fact that the MHC antigen coding genes were undertranscribed in the domestic relative to the other two populations (Table  S2 and Table S3 ).
The transcriptional differences observed between the R and L populations may partially reflect adaptive responses to their distinct environment (local adaptation). For example, R and L populations exhibited significant bioenergetic-related physiological differences at young ages, which could be the result of environmental constraints. Thus, some carbohydrate metabolism genes are undertranscribed, whereas genes related to lipid metabolism (apolipoprotein A, fatty acidbinding protein) are overtranscribed in the L population. This could reflect a reduction in basal metabolism and higher growth-related resource allocation, which, in turn, would result in higher growth performance, as observed in the L population, which is bigger at this life stage than the R population. Modifications of lipid metabolism have also been suggested to be linked to migration-related osmoregulatory changes associated with transition from fresh water to salt water, which anadromous salmonids undergo (Sheridan et al. 1985; Li and Yamada 1992) . Thus, the differential expression of lipid metabolism-related genes between R and L populations could also be a consequence of differential adaptation to a purely freshwater lifecycle in the former vs. anadromous life cycle in the latter. This, however, remains to be rigorously investigated. In summary, the Martin et al. (1997) study on neutral markers and our gene expression data in controlled conditions showed that the three pure populations used in this study are genetically very distinct. They also suggest that both artificial selection and adaptation by natural selection to their respective environments may be responsible for this differentiation.
Hybrid response: Despite the important role potentially played by hybridization in speciation processes, adaptative evolution, and agronomical innovation, little is known about transcription regulation inheritance in hybrids, particularly in fishes. Our results showed that the differences in numbers of significant genes, as well as affected biological functions, varied considerably depending on which of the three hybrids was compared to its parental populations. In addition, although individuals from the three hybrid crosses expressed a majority of transcripts in an additive manner, the proportions of additivity in transcription regulation inheritance varied among the hybrid crosses. Previous studies using single species reported contrasting results about transcription regulation inheritance. These reported a predominance of either additivity (fruit flies, Hughes et al. 2006; mice, Cui et al. 2006 and Rottscheidt and Harr 2007 ; maize, Gibson et al. 2004; oyster, Hedgecock et al. 2007 ; maize, Auger et al. 2005; rice, Ge et al. 2008 ; Salmonid species, Roberge et al. 2008; Normandeau et al. 2009; Renaut et al. 2009 ) as the major mode of transcription regulation inheritance. As also noted by Rottscheidt and Harr (2007) , the variability in the observed major mode of transcription regulation inheritance seemed dependent on different factors such as the methods, tissues, and types of hybrids (backcross or F1) used. Hybrids from divergent species exhibited numerous misexpressed transcripts resulting from the accumulation of regulatory incompatibilities (Landry et al. 2007 ). However, Rottscheidt and Harr (2007) showed that neither the level of inbreeding nor time since divergence could be associated in previous studies with the frequency of nonadditivity. The only exception to this was found in patterns of gene expression in testis, which were interpreted as a consequence of the role of sexual organ differentiation in reproductive isolation. In contrast, within inbred lines of maize, the hybrids from less distant parental lines exhibited the greatest proportion of nonadditivity of transcripts (Stupar et al. 2008) . Moreover, frequency of additivity varied highly depending on the tissue studied. Thus, genetic distance has not yet firmly been linked with the frequency of additivity at the intraspecific level of comparison. Here, our results regarding the extent of nonadditive transcription regulation inheritance observed in hybrids are suggestive of a positive correlation with genetic distance between the parental populations. Thus, hybrids produced by crosses between the two most distant populations (R and L) showed more nonadditive transcripts than any other hybrid crosses. Predominance of nonadditivity was also observed in hybrids resulting from crosses between two divergent populations of lake whitefish (Coregonus clupeaformis), another salmonid species (Renaut et al. 2009 ). In addition, we found that transcription regulation inheritance (additive or nonadditive modes of transmission regulation) was often not correlated for a given gene among the three hybrid crosses (Table 2) . Transcription regulation inheritance is affected by many factors, such as DNA binding sites, transcription factor abundance, and the affinity of the latter for the binding sites. However, epigenetic changes could be responsible for transcriptional changes among hybrids (reviewed by Michalak 2009 ). These parameters and their complex interactions result in the diversity of transcript expression patterns that in turn contribute to the biological diversity observed at the population level (Brown 2006; Maston et al. 2006; Gerke et al. 2009 ). Moreover, because of interactions in the regulatory network, hybrids with different phenotypes than those of their parents can be obtained from crossing parental populations with equivalent phenotypes (Brem and Kruglyak 2005; Landry et al. 2007) . Here, the hybridization process resulted in complex patterns of transcript regulation and affected biological functions among crosses. Given the differences detected between parental populations, such variability of the transcriptome among the three hybrid crosses could depend on the unique genetic architectures of each of the parental populations.
Hypothetical links between patterns of gene expression and hybrid phenotypes: In this section, we discuss how size phenotypes in the hybrid crosses could be indirectly linked to the differences in inheritance patterns of transcripts that we observed. Thus, as observed at the transcriptome level, we observed three different inheritance patterns of size at age in hybrids relative to their parental populations (Figure 3) . Namely, the DR hybrids, which showed an additive size phenotype response, also exhibited over 94% of additively expressed transcripts. This was in sharp contrast with LD and RL hybrids, which respectively showed heterosis and outbreeding depression for size, as well as a higher proportion of nonadditivity (dominant and over-/underdominance) in transcription regulation. What could the molecular causes underlying the expression of heterosis vs. outbreeding depression at the phenotypic level be? Among the most common hypotheses regarding the mechanisms underlying heterosis are: (i) dominance, which explains heterosis by masking the effect of deleterious alleles by superior alleles from the parents; (ii) overdominance, for which allelic interactions at heterozygous locus result in positive effect superior to homozygote; (iii) pseudo-overdominance, which is a positive dominance complementation of linked alleles (Lippman and Zamir 2007) . Moreover, dominant patterns of expression regulation have been proposed to result from allelic dosage effects (Auger et al. 2005) , monoallelic expression (Birchler et al. 2003) , or epistatic gene interactions (Hedgecock et al. 2007) . The main differences observed between LD and RL hybrids lie in the proportions of maternal/paternal dominant transcripts and over-/underdominance (Table 1). Given that LD hybrids present a higher number of dominant transcripts relative to OD and UD compared to RL hybrids, the dominance hypothesis could explain the predominance of size heterosis observed in LD hybrids. In particular, there was a clear prevalence of maternal population dominance in the LD hybrids. Thus, gene dominance from the biggest parental population may explain the performance of these hybrids. At early life stages, the maternal genome may influence size through gene products contained in the egg (Hebert et al. 1998; Nakajima and Taniguchi 2002) . Indeed, previous studies on the L population have revealed that maternal effects are acting until yolk sac resorption and are correlated with the size of the mother (Perry et al. 2005) . Heterosis may be further enhanced by the presence of numerous overdominant transcripts in hybrids (Table S4) . Therefore, at this stage of development, heterosis could result from advantageous dominance and overdominance of transcripts inheritance, and maternal effects could further contribute to the heterosis observed in the LD individuals.
On the other hand, outbreeding depression can also result in the loss of favorable genetic interactions or/ and the disruption of epistatic interaction between coevolved genes (Mcclelland and Naish 2007) . Transgressive phenotypes in hybrids may thus be the consequence of a deeper genetic distance between parental populations (Stelkens and Seehausen 2009 ). For instance, in rainbow trout (Oncorhynchus mykiss), outbreeding depression did not appear in introgressed genomes, possibly because coadapted genotypes were too similar for recombination to have a negative impact (Tymchuk et al. 2007) . Moreover, divergent genomes may accumulate regulatory incompatibilities resulting in occurrence of misexpressed transcripts (OD or UD) in hybrids (Landry et al. 2007 ). Here, the deeper genetic distance between the R and L populations could explain the higher prevalence of transgressive transcripts involved in many biological functions in their hybrids, as compared to those involving the D population. It is also noteworthy that outbreeding depression for length was observed in the RL hybrids, which also showed the highest number of transgressive transcripts (either UD or OD) ( Table 1) .
Our results thus support the hypothesis that transgressivity of phenotypes may depend both on genetic distance between the parental populations and on interactions between dominant vs. transgressive transcription regulation mechanisms arising from divergent genetic architectures. Therefore, prevalence of dominance combined with overdominance in transcription regulation seems related with heterosis, while prevalence of transgressive transcription regulation seems to be more related with outbreeding depression. To conclude, while our results suggest that size and transcriptional regulation phenotypes are at least partially associated, they also illustrate the complexity of predicting hybrid phenotypes on the sole basis of previous knowledge of parental phenotypes or their genetic divergence.
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